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We employ the recently discovered antiferromagnetic tunneling anisotropic magnetoresistance to
study the behavior of antiferromagnetically ordered moments in IrMn exchange coupled to NiFe.
Experiments performed by common laboratory tools for magnetization and electrical transport mea-
surements allow us to directly link the broadening of the NiFe hysteresis loop and its shift (exchange
bias) to the rotation and pinning of antiferromagnetic moments in IrMn. At higher temperatures,
the broadened loops show zero shift which correlates with the observation of fully rotating anti-
ferromagnetic moments inside the IrMn film. The onset of exchange bias at lower temperatures is
linked to a partial rotation between distinct metastable states and pinning of the IrMn antiferro-
magnetic moments in these states. The observation complements common pictures of exchange bias
and reveals the presence of an electrically measurable memory effect in an antiferromagnet.
PACS numbers: 75.50.Ee, 75.70.Cn, 85.80.Jm
Interlayer exchange coupling, giant magnetoresistance,
and spin-transfer torque are the three key phenomena
that have driven the development of current spintronic
technologies [1]. The oldest, yet least understood among
the three effects is the exchange coupling, especially
between an antiferromagnet (AFM) and a ferromagnet
(FM) [2]. An AFM coupled to a FM can cause the broad-
ening of the width, Hc, of the FM hysteresis loop, and
the shift, HEB , of the loop, as illustrated schematically
in Figs.1(a)-(c). It is assumed that the former effect is
due to the magnetic anisotropy of the AFM and the ro-
tation of the AFM moments following the magnetization
reversal in the coupled FM [2]. The exchange bias, on the
other hand, has a character of an additional field which is
ascribed to pinned (or only partially rotating) moments
in the AFM [2].
A more detailed understanding of the AFM/FM ex-
change coupled structures requires a measurement of the
orientation of AFM moments during the reversal of the
FM. Studying AFMs is, however, notoriously difficult as
compared to FMs. Moreover, the AFM films are typi-
cally only several nm to several 10’s of nm thick in the
common AFM/FM stacks which limits the applicability
of established techniques like neutron diffraction. Syn-
chrotron based X-ray linear dichroism experiments on
NiO/Co structures are among the very few measurements
reported to date which have provided an experimental in-
sight into the behavior of AFM moments during magne-
tization reversal of the coupled FM [3]. In other systems,
including the extensively explored stacks with the IrMn
exchange biasing AFM, the X-ray linear dichroism has
not been reported and the possibility to perform mea-
surements of the AFM films outside large scale experi-
mental facilities has remained elusive independent of the
employed AFM material.
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FIG. 1: Schematic illustration of the broadening (Hc) and
shift (HEB) of the hysteresis loop of a FM due to an exchange
coupled AFM. (a) In a soft FM like NiFe, the hysteresis loop
is narrow and centered around zero external magnetic field.
(b) Broadening of the loop in a AFM/FM exchange coupled
structure is ascribed to rotating AFM moments. (c) Exchange
bias occurs when the AFM moments remain pinned in their
equilibrium position or tilt only partly during the magneti-
zation reversal of the FM [2]. (d) Schematic structure of the
multilayers used in our experiments.
In this paper we demonstrate that with common lab-
oratory tools we are able to investigate the behavior of
both the FM and the AFM during magnetization reversal
in the archetypical IrMn/NiFe exchange coupled systems.
Magnetization in the FM NiFe is measured by the super-
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2conducting quantum interference device (SQUID). AFM
moments in IrMn are detected electrically using the re-
cently discovered AFM tunneling anisotropic magnetore-
sistance effect [4]. The high sensitivity of this electri-
cal method allows us to observe the rotating AFM mo-
ments up to temperatures which are close to the Ne´el
temperature of the AFM film. Our measurements of the
AFM moments also reveal phenomena beyond the com-
mon models of exchange bias which have considered a
simplified uniaxial anisotropy character of the AFM.
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FIG. 2: X-ray diffraction reciprocal space map showing reflec-
tions from individual layers in the stack. From the location
of reflections we conclude that the IrMn and NiFe layers are
(111) out-of-plane textured. Crosses highlight the expected
positions of the Si substrate. Line denotes the full-relaxation-
line for cubic symmetry in the (111) reflection.
The multilayer structures used in our study,
shown in Fig. 1(d), were deposited by the UHV
RF magnetron sputtering on a thermally oxidized
3” Si wafer substrate (700nm SiO2 on (001) Si)
with a base pressure of 10−9 Torr. Multilayers of
SiO2/Ta(5)/Ru(10)/Ta(5)/Ni0.8Fe0.2(10)/Ir0.2Mn0.8(1.5,
3)/MgO(2.5)/Pt(10) were grown in a magnetic field of
5 mT along the flat edge direction of the wafer (layer
thicknesses are given in nm). The MgO barrier was
sputtered directly from a MgO target under a pure Ar
atmosphere with the pressure of 10 mTorr. Mesa struc-
tures of 1 × 2µm2 - 5 × 10µm2 were patterned from the
wafer by photolithography and ion milling. After device
fabrication, the wafer was annealed at 350◦C for 1h in a
10−6 Torr vaccum in a magnetic field of 0.4 T applied
along the same direction as during the growth. Several
samples fabricated from each wafer were measured and
showed comparable transport characteristics.
The X-ray diffraction was used to verify the out-of-
plane texture of the films. Data were acquired using a
two-dimensional plate detector collecting the diffracted
intensity while the sample is azimuthally rotating. Typi-
cal results for the 3 nm IrMn sample are shown in Fig 2.
The peaks show the out-of-plane order in the stack. From
their location it can be concluded that the IrMn and
NiFe layers are (111) out-of-plane oriented (Ru and Ta
are (001) and (110) oriented, respectively). The white
cross in Fig 2 showing the expected positions of the Si
substrate indicate the good alignment of the sample. The
white line shows the predicted location of fully relaxed
cubic-symmetry material in the (11-1) reflection. The
overlap with the IrMn and NiFe indicates that the layers
are fully relaxed.
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FIG. 3: SQUID magnetization loops of the 3 nm (a) and
1.5 nm (b) IrMn samples at 5, 50, and 100 K. (c), (d) Tem-
perature dependence of the width of the hysteresis loop (Hc)
and of the shift of the loop (HEB) for the two samples.
In Figs. 3(a),(b) we show magnetization loops mea-
sured by SQUID in the 3 nm and 1.5 nm IrMn samples
at 5, 50, and 100 K. At 100 K, the 1.5 nm IrMn sample
shows a very narrow hysteresis loop with coercive field
Hc ∼ 10 Oe which is similar to the coercivity of the ref-
erence NiFe sample without IrMn and is comparable to
the error bar of our SQUID measurements. At 50 K,
Hc of the 1.5 nm IrMn sample is enhanced but the hys-
teresis loop remains centered around zero external field,
i.e., HEB is still zero at this temperature. Only at lower
temperatures the broadening of the loop is accompanied
by a non-zero shift as seen on the 5 K panel. The mag-
netization of the 3 nm IrMn sample shows qualitatively
the same behavior, only the onsets of the broadening of
the hysteresis loop and of exchange bias occur at higher
temperatures. This is illustrated in Fig. 3(b) and sum-
marized in Figs. 3(c),(d).
Results of our tunneling resistance measurements of
the 3 nm and 1.5 nm IrMn samples at the same experi-
mental conditions as in Fig. 3 are shown in Fig. 4. While
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FIG. 4: Tunneling anisotropic magnetoresistance measured as
a function of the applied magnetic field strength at the same
conditions as the SQUID magnetization loops in Fig. 3
the SQUID measurements detect the reversal of the FM
moments, the tunneling magnetoresistance is sensitive
to the change in the orientation of the AFM moments
in IrMn. The origin of this transport signal is in the
recently discovered tunneling anisotropic magnetoresis-
tance of a AFM/insulator/normal-metal tunnel junction
[4]. In analogy to the magnetocrystalline anisotropy or
optical linear dichroism, the tunneling anisotropic mag-
netoresistance is an even function of the microscopic mo-
ment and therefore is present equally well for rotating
AFM moments as for rotating moments in a FM [4, 5].
Since the tunneling resistance is determined by layers ad-
jacent to the tunnel barrier, in our device geometry (see
Fig. 1(d)) it responds to the reorientation of the AFM
moments in IrMn. The FM moments in the more remote
NiFe layer have only an indirect effect on the tunneling
transport; they can induce via an exchange spring effect
[3] the rotation of the AFM moments in IrMn during the
magnetization reversal of the NiFe [4].
By comparing Figs. 3 and 4 we can draw a direct link
between the behavior of FM moments in NiFe and AFM
moments in IrMn during the reversal of NiFe. At 100 K,
both the 3 nm and 1.5 nm IrMn samples do not show ex-
change bias in the SQUID measurements. Correspond-
ing electrical transport mesurements show a resistance
variation at low fields and the same resistance values at
positive and negative saturation fields of the FM. This
indicates that the AFM moments also undergo a full ro-
tation, consistent with the schematic diagram in Fig. 1(b)
for the broadened hysteresis loop and zero exchange bias.
Note that in the 1.5 nm IrMn sample, the broaden-
ing of the SQUID hysteresis loops starts at temperatures
close to 100 K but at 100 K it is still within the er-
ror of the magnetization measurement. The correspond-
ing tunneling magnetoresistance signal is below 1% at
100 K, however, it is clearly detectable. This illustrates
the high sensitivity of our transport method for measur-
ing the AFM moments in AFM/FM exchange coupled
systems.
At 50 K, the 3 nm IrMn sample shows a qualitatively
different behavior than the 1.5 nm IrMn sample. In the
latter sample, the exchange bias is still zero and, con-
sistently, the resistance values at negative and positive
saturation fields of the FM are the same. The absence
of the exchange bias is again linked with the full rota-
tion of the AFM moments as was the case of the mea-
surements at 100 K. In the 3 nm IrMn sample, however,
HEB measured by SQUID is non-zero at 50 K and the
corresponding tunneling magnetoresistance trace shows
different states of the AFM moments at large positive
and negative fields. Consistent with the schematic dia-
gram in Fig. 1(c), the AFM moments in IrMn tilt but
do not make the complete rotation by 180◦ upon the full
reversal of the FM moments in NiFe. The same corre-
spondence between shifted magnetization loops of NiFe
and asymmetric tunneling resistance traces of IrMn is
observed at 5 K for both samples.
Our measurements are in broad agreement with the
common picture of exchange bias as sketched in Fig. 1.
We show this by recalling the Mieklejohn-Bean model
[2, 6]. As other common approaches it assumes an AFM
with a uniaxial anisotropy. Exchange bias occurs in the
model when R ≡ KAF tAF /Jeb ≥ 1, where KAF is the
uniaxial anisotropy constant in the AFM, tAF is the
thickness of the AFM, and Jeb is the interfacial exchange
energy. When the anisotropy energy of the AFM is de-
creased so that R < 1 the exchange bias disappers. The
FM magnetization loop can be broadened but shows zero
shift in this regime. The behavior is explained in the
model by the absence of the pinning of the AFM mo-
ments; above the blocking temperature, the AFM under-
goes a complete 180◦ rotation upon the reversal of the
FM. Our measurements in the 1.5 nm IrMn sample at
100 K and 50 K and in the 3 nm IrMn sample at 100 K
are consistent with this picture when we assume that the
ansiotropy energy of our thin IrMn films is suppressed at
these higher temperatures.
In the Mieklejohn-Bean model with a uniaxial AFM
and for R ≥ 1, i.e. when exchange bias is non-zero,
the AFM moments acquire only a small tilt (up to 45◦
for R = 1) at intermediate external fields and return
to the initial state when the 180◦ FM moment reversal
is complete. The asymmetric magnetoresistance traces
we observe at low temperatures indeed confirm that the
AFM moments in IrMn remain partially pinned below
the blocking temperature. However, in contrast with
the model assumption of a uniaxial AFM, the data also
demonstrate that the partial rotation of the AFM mo-
ments in IrMn occurs between distinct metastable AFM
configurations and the AFM moments do not rotate back
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FIG. 5: Tunneling anisotropic magnetoresistance measured
(black lines) as a function of the angle of the applied field
with magnitude above the coercive field of the NiFe. Grey
lines are inversion symmetry images of the measured data.
to the initial state upon the full reversal of the NiFe FM
moments.
The bistability can be present at zero external mag-
netic field and the corresponding differences in the tun-
neling resistance can be > 100%, as seen e.g. in Fig. 4 in
the panel for the 3 nm IrMn sample and 5 K. Our exper-
iments, therefore, reveal a possibility for realizing mem-
ory effects in antiferromagnets which can be detected by
large magnetoresistance signals.
To further support our interpretation of the field-sweep
tunneling anisotropic magnetoresistance traces shown in
Fig. 4 we performed complementary transport measure-
ments in which the amplitude of the applied field was
fixed above the coercive field of NiFe and the magnetic
field was rotated by 180◦. At this external field strength,
the magnetization in NiFe follows the angle of the ap-
plied field. IrMn tunneling anisotropic magnetoresistance
data recorded in the rotating field are plotted in Fig. 5.
They are fully consistent with the picture inferred from
the field-sweep measurements in Fig. 4. For example at
5 K, the resistance values are different at 0◦ and 180◦
and the resistance does not vary over a wide range of
intermediate field angles. The AFM moments make a
partial rotation and then remain pinned. To highlight
the lack of inversion symmetry in the data correspond-
ing to partially pinned AFM moments we show in Fig. 5
also the inversion symmetry images of the measured field-
rotation magnetoresistances. At 100 K, the resistance
values are the same at 0◦ and 180◦ angles of the applied
field. The AFM moments in IrMn make the full 180◦
rotation, i.e. follow the FM moments in NiFe. At 50 K,
the full 180◦ rotation of the AFM moments is observed
only in the 1.5 nm IrMn sample, again consistent with
the field-sweep measurements.
In previous studies of exchange-coupled AFM/FM sys-
tems, the onset of the broadening of Hc, followed by the
onset of HEB , has been shown to occur close to the Ne´el
temperature of the AFM [7]. In our samples, the ex-
change bias, and the broadening of the FM hysteresis
loop are undetectable above ∼ 150 K in the 3 nm IrMn
sample and above ∼ 100 K in the 1.5 nm IrMn sample.
The tunneling anisotropic magnetoresistance vanishes at
similar temperatures as the broadening of Hc. The mag-
netization and transport data therefore consistently indi-
cate that the Ne´el temperature decreases with decreasing
thickness in the ultrathin IrMn films and is significantly
suppressed compared to the bulk IrMn value.
To conclude, we have employed a combined magne-
tization and electrical transport method to study FM
and AFM moments in NiFe/IrMn exchange coupled sys-
tems. We have shown that these measurements provide
an unprecedented experimental insight into the behav-
ior of the IrMn AFM moments in the exchange bias
phenomenon. In future research we foresee the utility
of the AFM anisotropic magnetoresistance in systematic
thickness dependence studies of the ordering temperature
and domains formation in the AFM. This will establish
a more detailed understanding of the exchange bias ef-
fect. It will also guide research efforts towards room-
temperature spintronic devices based on the AFM tun-
neling anisotropic magnetoresistance and other related
spin-orbit coupling phenomena in AFMs.
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